Metals are critical cellular elements that are involved in a variety of cellular processes, with recent literature demonstrating that zinc, and the synaptic zinc transporter (ZnT3), are specifically involved in learning and memory and may also be key players in age-related neurodegenerative disorders such as Alzheimer's disease. Whilst the cellular content and location of metals is critical, recent data has demonstrated that the metalation state of proteins is a determinant of protein function and potential toxicity. As we have previously reported that ZnT3 knockout (KO) mice have deficits in total zinc levels at both 3 and 6 months of age, we were interested in whether there might be changes in the metalloproteomic profile in these animals. To do this, we utilised size exclusion chromatography-inductively coupled plasma mass spectrometry (SEC-ICP-MS) and examined hippocampal homogenates from ZnT3 KO and age-matched wild-type mice at 3, 6 and 18 months of age. Our data suggest that there are alterations in specific metal binding proteins, for zinc, copper and iron all being modulated in the ZnT3 KO mice compared to wild-type (WT). These data suggest that ZnT3 KO mice may have impairments in the levels or localisation of multiple transition metals, and that copper-and iron-dependent cellular pathways may also be impacted in these mice.
Introduction
One of the key cellular processes that becomes dysregulated with age and participates both directly and indirectly in age-related dysfunction, is metal homeostasis [1] [2] [3] . Zinc is one such metal that is critical for the activity of a variety of enzymes, transcription factors and cellular processes, the levels of which are tightly controlled by a family of zinc import/export proteins that have a distinct pattern of cellular and tissue localization as well as expression [4, 5] . These principally comprise the zinc transporter (ZnT) and zinc-regulated and iron-regulated transporter proteins (ZIPs), as well as other zinc "handling" proteins such as metallothioneins. Approximately 10%-15% of brain zinc exists as chelatable zinc primarily within synaptic vesicles at glutamatergic synapses, highlighting its importance in synaptic plasticity/cognition. Our discoveries highlighted the critical importance of this pool of zinc, and the synaptic zinc transporter (ZnT3 (SLC30A3)), in cognition [6] [7] [8] [9] . Specifically, we reported that there were age-dependent deficits in learning and memory in the ZnT3 knockout (KO) mice that were manifest at 6 months of age (but not at 3 months), and which were associated with significant deficits in a suite of key hippocampal proteins involved in learning and memory. The ZnT3 KO mice also had significantly decreased hippocampal zinc levels at both 3 (−39%) and 6 (−32%) months of age compared to age-matched wild-type (WT) mice, which whilst of greater magnitude than initially reported for the whole brain, is consistent with our focus on the hippocampus and the loss of the synaptic vesicular zinc pool [10] [11] [12] [13] .
Whilst such a bulk change in metals may be important, it is also known that the complement of metals associated with a given protein is important and can affect protein function, as in the case of Cu/Zn-superoxide dismutase (SOD1) [14] . In order to gain further insight into the metalloproteome in the ZnT3 KO mice, we utilised size-exclusion inductively coupled plasma mass spectrometry (SEC-ICP-MS) to examine hippocampal homogenates from ZnT3 KO and age-matched WT mice at 3, 6 and 18 months of age. This SEC-ICP-MS technique allows for the chromatographic separation of proteins from complex mixtures using a size exclusion column (SEC) and the subsequent assessment of the elemental content of those fractions using inductively coupled plasma mass spectrometry (ICPMS). This gives rise to an elution profile (the chromatogram) where the peaks represent the metal content of protein/s of a given molecular weight.
Materials and Methods

Animal Ethics
All animal experimentation procedures were approved by the Florey Institute of Neuroscience Animal Ethics Committee and conducted in accordance with the Prevention of Cruelty to Animals Act and the NH&MRC Code of Practice for the Use of Animals for Scientific Purposes.
Animals
Animals were maintained in standard group-housed laboratory conditions and were provided regular rodent chow and water ad libitum (the metal content of the rodent chow is reported as: 51 mg/kg iron, 60 mg/kg zinc and 10 mg/kg copper; the tap water has not been analysed). Animals were culled at three timepoints; 3, 6 and 18 months of age. The three-month-old cohort consisted of 12 knockout (male n = 6, female n = 6) and 12 wild-type (male n = 6, female n = 6) mice. The six-month-old cohort consisted of 12 knockout (male n = 6, female n = 6) and 12 wild-type (male n = 6, female n = 6) mice. The eighteen-month-old cohort consisted of 14 knockout (male n = 6, female n = 8) and 10 wild-type (male n = 7, female n = 3) mice. Mice were anaesthetized with Buprenorphine (80 mg/kg) via intraperitoneal injection before a 50 mL transcardial perfusion with ice cold PBS, followed by decapitation. Whole brain was removed from the skull and hemisected before microdissection of the hippocampus. Tissue was stored at −80 • C until further processing.
SEC-ICP-MS
SEC-ICP-MS analysis was performed using the previously described method [15] . Whole brain tissue samples were homogenized by probe sonication (3 rounds of sonication for 15 seconds on ice, 40% amplitude) in 1 mL of homogenization buffer (Dulbecco's PBS with EDTA free proteinase inhibitor cocktails 2 and 3; 1:500; Roche) and centrifuged at 100,000× g for 30 minutes at 4 • C. The supernatant was collected, and both the pellet and supernatant were stored at −80 • C until further use. Samples of 100 µg of soluble protein were chromatographically separated using a BioSEC-3 column 3 µm, 4.6 × 300 mm (pore size 150 Å, MW range 0.5-150 kDa) (Agilent, VIC, Australia) with 200 mM ammonium nitrate containing internal standard ( 133 Cs, 121 Sb; 10 µg L −1 each) at a flow rate of 0.4 mL/min. The HPLC was directly connected to a MicroMist nebulizer (Glass Expansion, Australia) fitted to an Agilent technologies 7700 ICP-MS. Helium was used as the collision gas with all elements. The following elements were analysed: 56 Fe, 63 Cu and 66 Zn. Baseline correction of the traces was conducted by subtracting the average of the first 50 data points which represents the background contribution of metal from the LC system and buffer combined. The peaks of the SEC chromatographs were integrated base on time as the peaks were not baseline resolved. The start and stop of the integration is marked on the 3 month time point graph in each of the figures.
Statistical Analysis
Statistical analysis was carried out using Prism 8 (Graph-Pad) software. Before application of a one-way ANOVA with Sidak's multiple comparisons correction, we tested if the data were consistent with a sampling from a normal Gaussian distribution using the Shapiro-Wilk test [16] . The limited group sizes required that the data were not separated by gender. However, as there have been differences reported in behavioural phenotypes across males and females in the ZnT3 KO mice [17] , future studies should be sufficiently powered to assess whether gender also presents a confound at the level of the metalloproteome.
Results
SEC-ICP-MS
Iron (Fe) levels, from ZnT3 knockout and wild type litter mate brain samples, were assessed via liquid chromatography-inductively coupled-plasma mass spectrometry (SEC-ICP-MS) at 3-, 6-and 18months of age. Fe56 was eluted as a single major peak at all time points measured. Based on the elution profile of iron-protein complexes previously published [15] and also the ferritin standard that was run, we conclude that peak 1 is most likely associated with ferritin (ferritin-iron). Due to the complexity of the tissue analysed, however, more than one protein may be associated with the peak observed in the chromatogram. At the three-month time point no difference was observed on the chromatogram (Figure 1a ), an observation that was further verified by an area under the curve (AUC) analysis for peak 1 ( Figure 1b ) and peak 2 ( Figure 1c ). However, the 6-month time point chromatogram ( Figure 1d ) showed an elevation of Fe56 at peak 1 for the knockout mice. Peak 1 was shown to be significant by AUC analysis (Figure 1e ), representing a 17% increase of Fe56 in the knockout mice, but peak 2 was not significantly changed ( Figure 1f ). An elevation of Fe56 in knockout mice was also observed in the 18-month chromatogram (Figure 1g ). Peak 1 AUC analysis revealed a significant 22% increase ( Figure 1h ) in Fe56 for knockout mice.
SEC-ICP-MS eluted three specific Zn66 peaks at all time points measured. At the three-month time-period the chromatogram revealed an obvious reduction of Zn66 in the knockout group at peaks 1, 2 and 3 (Figure 2a ). AUC analysis of peak 1 revealed a significant 56% reduction in Zn66 (Figure 2b ), a significant 28% reduction peak 2 ( Figure 2c ) and a significant 20% reduction in peak 3 ( Figure 2d ). However, the six-month age group chromatogram did not indicate obvious changes between wild type and knockout (Figure 2e ), and indeed, this was reflected in the AUC analysis where peak 1 ( Figure 2f ), peak 2 ( Figure 2g ) and peak 3 ( Figure 2h ) were shown to have no significant differences. The 18-month chromatogram revealed a significant 43% reduction of Zn66 at peak 1 (Figure 2i ), which was proven to be significant upon AUC analysis ( Figure 2j ); however AUC analysis of peak 2 ( Figure 2k ) and peak 3 ( Figure 2l ) were shown to have no significant differences. No significant difference in Fe was observed between wild-type (WT) and knockout (KO) mice at the 3-month time point (a) further reflected in the area under the curve (AUC) analysis for peak 1 (b) and peak 2 (c). The ticks above the x-axis indicate the integration windows for the AUC analysis. There was a decrease in Fe observed in the ICPMS chromatogram (d) at the 6-month time point that was revealed to be significant for peak 1 (* p = 0.01) (e) and no change for peak 2 (f). At the 18-month time point there was a decrease in Fe observed in the ICPMS chromatogram (g) that was revealed to be significant for peak 1 (*** p = < 0.0001) (h) and no change for peak 2 (i). Dot plots and bar graph show the mean and SD, peak area statistical comparison one-way ANOVA Sidak's multiple comparison test.
SEC-ICP-MS showed Cu63 eluted as three distinct major peaks at each time point measured. Whilst peaks 1 and 2 require further characterisation, peak 3 may be associated with superoxide dismutase (SOD), which plays an important role in protecting against oxidative damage, based on previously published data [15] . For the three-month time point, the chromatogram revealed an increase in Cu63 at peak 1 only ( Figure 3a ). AUC analysis of peak 1 confirmed a significant 56% increase in Cu63 ( Figure 3b ); peaks 2 and 3 were unchanged (Figure 3c,d) . The 6-month chromatogram ( Figure 3e ) showed no obvious difference between wild type and knockout mice at any peak elution, which was further verified by AUC analysis demonstrating no significant changes at peak 1 (Figure 3f ), peak 2 ( Figure 3g ) and peak 3 (Figure 3h ). The 18-month chromatogram (Figure 3i ) also showed no obvious difference between wild type and knockout mice at any peak elution, and this was further verified by AUC analysis demonstrating no significant changes at peak 1 (Figure 3j . AUC analysis of peak 1 (b) revealed a significant decrease (**** p < 0.0001) between WT and KO, as did peak 2 (** p = 0.04) (c) and no significant difference for peak 3 (d). The ticks above the x-axis indicate the integration windows for the AUC analysis. No significant difference in Zn was observed between WT and KO mice at the 6-month time point (e), a result reflected in the analysis of the peak area for each major peak; peak 1 (f), peak 2 (g) and peak 3 (h). There was a decrease observed in the ICPMS chromatogram peak 1 for KO mice at the 18-month time point (i) that was revealed to be significant (* p < 0.0001) (j). Peak 2 (k) and peak 3 (l) revealed no significant differences between WT and KO. Dot plots and bar graph show the mean and SD, peak area statistical comparison one-way ANOVA Sidak's multiple comparison test. The ticks above the x-axis indicate the integration windows for the AUC analysis. Analysis of peak area 1 (b) revealed a significant decrease (* p = 0.02) between WT and KO, however peaks 2 and 3 revealed no difference (c,d). No significant difference in Cu was observed between WT and KO mice at the 6-month time point chromatogram (e). A result reflected in the area under the curve (AUC) analysis of peak 1 (f), peak 2 (g) and peak 3 (h). No significant difference in Zn was observed between WT and KO mice at the 6-month time point chromatogram (i). A result reflected in the area under the curve (AUC) analysis of peak 1 (j), peak 2 (k) and peak 3 (l). Dot plots and bar graph show the mean and SD, peak area statistical comparison one-way ANOVA Sidak's multiple comparison test.
Discussion
It has long been known that the homeostasis of metal ions is a critical requirement for normal cellular health. In the last few decades the role of metals in pathological ageing has also gained increasing attention, with strong preclinical evidence for their role in the onset and progression of numerous neurodegenerative diseases such as Huntington's disease, schizophrenia, Parkinson's disease and Alzheimer's disease [18] . More recently, utilising the ZnT3 KO mouse line and other methods, we and others have also demonstrated a key role for zinc in "normal" synaptic plasticity and learning/memory via interactions on key neuronal signalling cascades and proteins [7] [8] [9] [19] [20] [21] [22] . Ultimately, the role of zinc in higher order cognitive function may well intersect with its effect on these and other age-and disease-related pathways. In order to further characterize the ZnT3 KO mouse line, which lacks zinc at the glutamatergic synapse, we have utilised SEC-ICP-MS to undertake an examination of the age-dependent changes in the metalloproteome in these mice. We demonstrate for the first time here that there are distinct changes not only in zinc, but also in the iron and to a lesser extent the copper, metalloproteome across age in the ZnT3 KO animals.
Changes to the normal metal content of a cell or tissue can occur through a variety of mechanisms that may be related to dietary, genetic or other pathways, which can also include metal:metal interactions that affect levels of a given element. Such direct and indirect changes in metals can all precipitate or potentiate biological outcomes. Whilst the cellular levels and distribution of metal is an important factor, recent evidence has also highlighted the notion that the amount of metal associated with a protein, i.e., the metalation state, may be an important determinant of protein function/toxicity. Two examples include metallothionein (MT) and superoxide dismutase. Metallothioneins are a family of proteins that have a capacity to bind various metals, including copper, zinc and cadmium. This sequestration of metals gives MTs a role in metal ion homeostasis and protection from the toxic effects of metals such as arsenic and lead. They also help regulate oxidative stress, and have reported roles in various diseases. One such disease is AD, where it has been reported that there is a "metal-swap" event with zinc-bound MT-3 (Zn 7 MT-3) such that MT-3 removes copper from aggregated and soluble β-amyloid-copper complexes (in turn exchanging metal species within MT-3, going from Zn 7 MT-3 to Cu 4 Zn 4 MT-3; β-amyloid is considered a primary toxic moiety in AD, and is the primary constituent of the β-amyloid plaque that characterizes the AD brain) to then prevent ROS production and subsequent cellular toxicity [23] . These effects are not seen with fully copper-laden MT-3. Thus, the metal content of MT-3 is a critical determinant of its ability to interact in this AD-related pathway that may be involved in disease pathogenesis. It is a similar scenario for the antioxidant enzyme copper-zinc superoxide dismutase (Cu, Zn-SOD), which exists as two isoforms (SOD1 and SOD3, having activity primarily in the cytoplasm and extracellular space respectively). SOD1 is implicated in the pathogenesis of amyotrophic lateral sclerosis [24] , a rare disease that primarily results in the degeneration of upper and lower motor neurons leading to muscle paralysis and atrophy, but which is also associated with other non-motor symptoms [25, 26] . SOD1 mutations account for~15%-30% of familial ALS cases, depending upon the specific population. Whilst there is good evidence that the level of mutant SOD1 correlates well with disease in preclinical models, recent evidence suggests a more complex scenario. Specifically, treatment of the SOD1G37R ALS mouse model with Cu II (atsm), a copper-targeting compound, resulted in improvements in survival and motor function in parallel with an elevation in mutant SOD1 protein levels [14] . Whilst seemingly paradoxical, the SOD1 was actually converted from metal-deficient to a more stable copper-replete form (holo-SOD1). These data supported the notion that the toxicity of SOD1 may be driven more by its metal content rather than by the level of the mutant protein itself. Together with other literature demonstrating that the pro-oxidant effect of zinc-deficient SOD1 can be modulated by the removal of copper [27] , these data suggest that the metalation state of SOD1 is a key determinant of its function/toxicity.
In this body of work then, we have explored the metalloproteome across age in the ZnT3 KO mouse model, which may represent a phenocopy of AD or advanced ageing. There are a number of limitations of this work. Firstly, these data are snapshots in time and do not necessarily reflect the dynamic change in metals or the metalloproteome that may be occurring across age. One related consideration in this regard is the potential confound introduced by dietary metal content. The long-term modulation of metal intake via the food/water can impact peripheral and central levels of that metal, as well as have flow-on effects for the levels of other metal species (discussed later). Such alterations can then impact both "normal" and "disease-related" cellular chemistry (including the regulation of metal binding proteins and specific pathological proteins), biological pathways and downstream behavioural function (e.g., [28] [29] [30] [31] [32] ). In this study, however, where all animals have received the same standardized metal-replete diet, then this is unlikely to impact our current findings. Secondly, due to the concentration of zinc and its transporters, together with the relative functional significance of zinc in this area, then we have focused only on the hippocampus. Thirdly, we have not performed formal protein identification, and so our interpretation of the data is limited to known elution profiles/standards. Future work would be focused on understanding the specific protein/s represented by the specific peaks we have identified, and would also examine other brain regions. Finally, once proteins have been identified, expression levels will need to be assessed to understand whether the differences observed in this study are driven by a change in metalation of a given protein/s and/or a change in levels of a specific metal binding protein.
Despite these limitations, the data presented provide insight into the metallobiology of the ZnT3 KO animal. As anticipated, there are significant deficits in zinc associated proteins, with all three peaks (P1-P3) identified at three months of age showing significant deficits in zinc load in the ZnT3 KO animals, as compared to the age-matched wildtypes. There were only small and non-significant trends in these same peaks at six months of age. At 18 months however, the P1 fraction, which demonstrated the highest zinc load and greatest difference to wildtype at three months, again showed a robust and statistically significant difference with wildtype animals. Such potential changes in the metalation state of proteins may, together with changes in protein expression, have significant impact on zinc-dependent pathways, such as those related to synaptic plasticity that we have previously published [7, 8] . Our historical data suggested that there were significant deficits in hippocampal zinc levels at both 3 and 6 months of age in the ZnT3 KO mice [8] , as well as significant and dynamic alterations in a number of different proteins (with some showing increases/decreases at 3 months that were then either exacerbated or reversed at 6 months; these proteins aren't necessarily "zinc binding" proteins, and so may not contribute to the SEC-ICP-MS traces reported here). In the absence of peaks with elution times that may correspond to "classic" high abundance zinc binding proteins such as SOD and metallothionein [15, 33] , then identification of the possible protein/s in the P1-P3 fractions is not possible without further characterisation.
Whilst changes in the zinc metalloproteome were anticipated, what is perhaps more surprising is that there were changes in the iron, and to a lesser extent the copper, metalloproteome as well. In the iron proteome it is likely that ferritin (P1) is altered at both six and eighteen months of age; whereas for copper the change in fraction P1 (unidentified protein) was only observed at three months of age. What is interesting is that, in contrast to zinc, both the iron and copper levels associated with specific metalloproteins were elevated in the ZnT3 KO mice. As noted earlier, this may reflect an increase in iron and copper binding to specific proteins (such as ferritin and transferrin for iron; and ceruloplasmin, SOD and metallothionein for copper) and/or an increase in expression of those specific proteins.
An interaction between metals, such as zinc/ copper and zinc/ iron, has been widely reported in the past. In the case of copper for example, there are several reports in the clinical literature where zinc supplementation in coeliac disease, sickle cell anemia, acrodermatitis enteropathica and Wilson's disease results (potentially via an effect on proteins such as metallothionein) in severe copper deficiency [34] [35] [36] [37] . Similarly, a study in Caco-2 cells demonstrated that there is an inverse relationship between zinc and iron such that increased levels of extracellular zinc applied to the cells results in decreasing intracellular iron levels [38] . The converse of this finding, where high iron levels impact on zinc absorption, have also been reported in humans (reviewed in [39] ). In our case, the facile explanation for the data presented is that the loss of ZnT3, which results in decreased brain zinc concentrations, has resulted in a compensatory upregulation in specific ZIP proteins that are responsible for the import of zinc into the cytosol and which are known to be rapidly regulated in response to cellular zinc levels (increased under zinc-deficient conditions and vice versa; it should be noted however, that not all ZIPs are responsive to zinc in this way-ZIP5, for example, is regulated in the opposite way [40, 41] ). In the context of the ZnT3 KO mice then, as the ZIP transporters may not be exclusive transporters of zinc (with some of them also handling iron, manganese, copper and cadmium for example) [40] , then the ZnT3 KO mice may have a parallel increase in other metals (such as iron and copper). As the levels and localization of such metals are tightly controlled in a cell and tissue-specific way, then an upregulation of their associated regulatory proteins is also not unexpected. If there is a long-term change in iron in the ZnT3 KO mouse, this may add further complexity to the interpretation of the apparent age-dependent phenotype present in these animals (particularly given that iron is associated with aging and cellular senescence [42] [43] [44] ) and this may all have long-term implications for zinc deficiency conditions. Further study is required to characterize the metalloproteome changes that occur in response to brain zinc deficiency, both from the perspective of zinc and its regulatory partners, but also more broadly for effects on other metals such as iron. 
